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ABSTRACT
Dam removal is gaining global attention as a potential restoration tool for
impacted rivers. As the practice of dam removal increases, physical, chemical and
biological monitoring before and after dam removal is essential to our understanding of
the ecological consequences of this type of disturbance. Under the Lake Hartwell
Restoration and Compensation Determination Plan, two dams (>9 m height) were
removed from the Twelve Mile Creek watershed (170 km2) in Pickens county, South
Carolina. To assess the short term impacts of dam removal on the Twelve Mile Creek
ecosystem we conducted biomonitoring of macroinvertebrate species and surveys of river
substrate and channel geomorphology in Fall 2006 prior to dam removal and again
following dam removal in Fall 2011and Fall 2012. Prior to dam removal, the impounded
reaches above each dam had low levels of species abundance and diversity indicative of
the impacts of dams on the macroinvertebrate assemblage (Poff and Hart 2002). The
above dam sites were characterized by shallow channel depths, lower velocities and
sandy substrates with very few sensitive species present. In contrast, the below dam sites
had become stable, lotic habitats having had adjusted to a century of impoundment and
demonstrated high richness and diversity with a higher percentage of intolerant species
and predators. Following dam removal, analysis of the macroinvertebrate community
assemblage resulted in detectable differences in habitat condition based on observed
increases or decreases in the biological response variables of total number of taxa (TN),
taxa richness(TR), Epemeroptera,Plecoptera,and Trichoptera richness(EPTR), percent
gatherer-collector(GC),percent filterer-collector(FC), and percent predator as well as
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changes in the substrate particle size and distribution (D50 mm), depth (m), and velocity
(m/sec). Results suggest a decrease in macroinvertebrate species that are sensitive to the
effects of sedimentation and an increase in the embededness of the substrate immediately
following dam removal in 2011. The need for more long-term assessments of dam
removal and river restoration practices is demonstrated by the difficulty of predicting
how long a river will take to recover and lack of understanding of the ecological response
aquatic ecosystems have to a dam removal disturbance.
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INTRODUCTION
“You cannot step into the same river twice; for other waters are ever flowing.”
— Heraclitus 500 B.C
The U.S. Army Corps of Engineers' (ACE) National Inventory of Dams has
79,000 dams currently listed for the United States with the southeast region ranking third
nationally in number of dams. Dams have many uses including flood control, irrigation,
recreation, hydroelectric power generation, and navigation. Free flowing river ecosystems
are characterized by frequent environmental disturbances that effect channel shape,
habitat structure, and influence populations and community structure (e.g. Resh et al.
1988, Ward 1989, Poff 1992, Lake 2000). Flow and sediment transport govern the
physical characteristics of rivers and therefore influence the quantity and quality of their
habitats. River barriers such as dams can alter water flow and sediment transport, and
thus the river’s form and function (Collins et al. 2007). There have been a number of
studies that demonstrate the negative effects of dams on the physical, chemical, and
biological components of river ecosystems (Allan 1995, Hauer and Lamberti 1996, Poff
et al. 1997, Dodds 2002, Gordon et al.2004, Merritt et al. 2008, Miserendeno 2009).
Dammed rivers are fragmented rivers and marked by a shift from a lotic to a more lentic
ecosystem through altered flow (Bednarek 2001, Poff and Zimmerman 2010) which in
turn alters the channel shape (Gordon et al. 2004), distribution of pools and riffles
(Leopold 1994), substrate composition (Rosgen 1994), and biological community at the
local (river reach) scale (Resh and Rosenberg 1984). Dams can trap sediment and
dramatically reduce the sediment load downstream (Wolman 1954) leading to channel
degradation or aggradation (Leopold 1994). River reaches upstream of dams can pool or
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pond becoming more lacustrine in nature with warmer water temperatures and decreased
concentrations of dissolved oxygen.
Many “run-of-river” low head dams are aging and costly to keep up and can even
provide a public safety hazard. In some cases, river restoration to re-establish
connectivity between upstream and downstream reaches is prescribed thus making dam
removal an increasingly popular option (Stanley et al. 2002) although the disturbance
associated with dam removal activities is not all that well understood (Bednarek 2001,
Hart et al. 2002, Poff and Hart 2002). Understanding the ecological response of a river
resulting from dam removal includes the response to the dam removal process itself and
not just a river system’s release from the impacts associated with impoundment (Hart et
al. 2002). Utilizing dam removal as a tool for restoration is largely based on the
assumption that removing a dam will effectively ‘restore’ a river ecosystem to its predam condition. There are a limited number of dam removal studies that include both pre
and post removal data (Stanley et al. 2002, Hart et al. 2002, Kibler et al. 2011).
Removing impoundments has been shown in some cases to successfully restore the
migrations of fish and other biota upstream (American Rivers December 1999 report) but
the short term impacts (days to years) resulting from dam removal can be deleterious
(Stanley and Doyle 2003) and include increased sediment deposition, re-suspension of
contaminated sediments (Bednarek 2001), bed scour and bank erosion (Shuman 1995),
and effects on benthic communities (Stanley et al. 2002, Hart et al. 2002). Orr et al.2008
found the process of dam removal to be analogous to other ecological disturbances in that
the removal is an event that “disrupts the structure and functioning of an ecosystem”,
changing the physical environment as well as the biological community. Although the
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level of dam removal disturbance is largely influenced by the size and operational
management of a dam (Poff and Hart 2002), the documented ecological responses to dam
removal are highly variable and can be difficult to separate from other environmental
processes (Stanley et al. 2002, Hart et al. 2002, Pollard and Reed 2004). The abiotic and
biotic components of a river respond to the intensity (magnitude and duration) and spatial
scale (local or regional) of disturbance associated with dam removal in variable ways,
making the impact of the disturbance difficult to quantify (Stewart-Oaten et al. 1986,
Resh et al. 1988, Rosgen 1994, Therriault and Kolasa 2000). Monitoring of habitat and
population variables has been utilized to gather and integrate data, establish a baseline
condition when possible, and analyze temporal trends and changes in an ecosystem (Noss
1990). This study seeks to add to the knowledge base of other dam removal studies by
looking at changes in the substrate particle size, and channel cross sectional area that may
alter the macroinvertebrate community assemblage at each sampling site before and after
dam removal.

Channel geomorphology-substrate
Determining the composition of the streambed is an essential part of assessing the
aquatic habitat and vital to making observations regarding the impacts of dam removal
(Rosgen 1994, Rosenberg and Resh 1996). Physical habitat is a primary determinant of
the composition of an aquatic community assemblage (Stanley et al. 2002) and changes
in the community assemblage have been documented as a result of altered habitat
(Gordon et al. 2004). By definition, benthic macroinvertebrates live on the river bottom
thus benthic habitat is dependent on the composition and particle size of the substrate
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(Merritt et al. 2008). Habitat characteristics including allocthonous and autocthonous
carbon inputs and substrate size regulate the longitudinal distribution and composition of
macroinvertebrate feeding groups in a river (Vannote et al. 1980). Increased sediment has
been shown to decrease the abundance of macroinvertebrates, primarily sensitive species
that live in the interstitial habitat of the river substrate, and change the type and
distribution of substrate particles (i.e. from gravel to sand) (Waters 1995). Changes in a
river’s substrate heterogeneity and structural habitat and can be demonstrated using
pebble counts to determine the median substrate particle size (D50) and by comparing the
surveys of cross sectional area (ft2) before and after dam removal (Harrelson et al. 1994,
Rosgen 1994, Allan 1995).
Macroinvertebrates
Two metrics that are commonly used to evaluate macroinvertebrate data collected
by qualitative methods are the EPT and biotic indices (Resh and Rosenberg 1984, Lenat
1993, Wallace, 1996). The EPT index is the total number of Ephemeroptera (mayflies),
Plecoptera (stoneflies), and Trichoptera (caddisflies) taxa collected at a site. Most EPT
taxa are very intolerant of pollution and, in general, a high EPT richness is a widely
accepted indicator of good water quality. The biotic index (BI) is the average pollution
tolerance of all organisms collected (based on assigned tolerances for taxa) and the
calculation factors in relative abundances (SC SOP). The use of biological indicator
species as a surrogate for assessing the condition of an ecosystem or as a signal of a
larger ecological problem is commonly used as part of a larger monitoring strategy that
includes community structure and functional diversity at multiple organizational levels
(Noss 1990, Karr 1991, Niemi and McDonald 2004). Macroinvertebrates are widely
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utilized in biomonitoring as indicators of stream health (Bunn and Davies 2000), in part
because they are so numerous and diverse, they have established responses to
disturbance, they tend to have limited mobility, are simple to collect and can be easily
identified in a laboratory (Merritt et al. 2008). Measures of the macroinvertebrate
response at different temporal and spatial scales include taxa richness, diversity indices,
functional feeding group analysis (Resh et al. 1996, Karr 1991). Aquatic
macroinvertebrates differ in tolerances to the amount and type of pollution present in a
riparian ecosystem, and they often live for more than one year in the aquatic immature
life stage making them suitable indicators for longer term impacts (Merritt et al.2008).
Ecosystem stresses, such as sedimentation and changes in water chemistry, can be
assessed by looking at the increases or decreases of certain functional feeding groups or
the abundances of individual taxa. Free flowing rivers are host to an aquatic community
represented by disturbance and pollution sensitive species such as Mayflies
(Ephemeroptera), Stoneflies (Plecoptera) and Caddisflies (Trichoptera) commonly
referred to as the EPT assemblage. Impounded waters generally show a shift to a more
lentic community assemblage that may contain more tolerant species of midges
(Chironomid) worms (Oligochaete) and dragonflies (Odonata) (Karr 1991, Lenat 1993).
Karr (1991) noted that community structure responded to stress by decreasing in
diversity, changes in the dominant taxon, and an overall reduction in abundance. In
contrast, a decrease in species richness corresponding to an increase in the abundance of
macroinvertebrates is often observed immediately below dams (Allan 1995). There are
confounding characteristics of macroinvertebrates that do offer some challenges when
using them for biomonitoring. Seasonal life history fluctuations and differences in
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dispersal ability in addition to some gaps in taxonomic identification keys and
undocumented responses to every type of impact should be considered when using
macroinvertebrates in biomonitoring (Merritt et al. 2008). However, observed changes in
the community assemblage of macroinvertebrates can be an effective bioassessment tool
for monitoring the impacts of disturbance on river biota, incorporating multiple levels of
organism functioning within the river ecosystem (Resh and Rosenberg 1984, Lenat 1993,
Barbour et.al. 1999, Niemi and McDonald 2004).
My specific objectives for this study were to determine changes in channel form,
substrate composition and the macroinvertebrate community assemblage following a
series of dam removals on Twelve Mile Creek.

METHODS
Site description
The Twelve Mile Creek watershed covers an area of 106 mi2 in the northwestern
corner of Pickens County, South Carolina and is one of thirty five watersheds making up
the larger Savannah River Basin. The Twelve Mile Creek watershed consists primarily of
Twelve Mile Creek and its tributaries, eventually forming an arm of Lake Hartwell where
it junctions with the Keowee River. The diverse ecological systems within the basin
include agricultural, upland hardwood forest, pine plantations, streams, surface
impoundments, and freshwater marshes.

Between 1955 and 1977, approximately

400,000 pounds of polychlorinated biphenyls (PCBs) entered the Twelve Mile Creek
watershed from a capacitor manufacturing facility located in the upstream. The
bioaccumulation of carcinogenic PCBs into fish of Lake Hartwell, the receiving reservoir
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of Twelve Mile Creek, prompted the South Carolina Department of Health and
Environmental Control (SCDHEC) to issue health advisories warning people not to eat
the fish. In 1994 a Final Record of Decision was handed down by the Environmental
Protection Agency (EPA) designating Twelve Mile Creek as a Superfund Site. The
EPA’s remedy was to ‘cap’ the remaining contaminants with uncontaminated sediments
from upstream reaches by restoring the natural flow and sediment transport regimes
downstream. Beginning in November 2009 two century old impoundments on Twelve
Mile Creek, known as Woodside I and Woodside II were dredged and dismantled.
Demolition of Woodside I was completed in April 2011 and Woodside II in September
2011. In accordance with a research agreement between South Carolina Department of
Natural resources (SCDNR) and Clemson University, eight sampling sites were
established for geomorphic and benthic macroinvertebrate monitoring. Samples of predam removal data were collected in November 2006. Six sampling sites were located on
Twelve Mile Creek, distributed as follows:

1) the free flowing stream section

downstream of Woodside II dam at Maw Bridge (MB), 2) the free flowing bedrockconstrained stream section downstream of Woodside II dam at Lay Bridge (LBL) , 3) the
impounded area above Woodside II dam at Lay Bridge Dam (LBU), 4) the free flowing
stream section downstream of Woodside I dam at Cateechee (CL) , 5) the impoundment
above Woodside I dam at Cateechee Dam (CU), and 6) a reference site in the free
flowing section upstream of the Easley-Central Water District Reservoir at Robinson
Bridge (RB) (figure 1, table 1).
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Figure 1. Map of Twelve Mile Creek watershed and study reach with dams and sampling
site locations.
Twelve Mile Creek Sampling Sites
Robinson Bridge*(RB)
Cateechee Dam (CU) –Woodside I
Cateechee Below (CL)
Lay Bridge Dam (LBU)–Woodside II
Lay Bridge Below (LBL)
Maw Bridge (MB)
Table 1. List of the sample site names and abbreviations at each dam (Woodside I,
Woodside II). *RB is the reference reach sampling site.
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Two sites were located in a nearby stream system, Three and Twenty Creek, that
is similar in physiography and drainage area but without any impoundments.

Post

removal sampling was conducted four times seasonally in the Fall of 2011, Spring of
2012, Summer of 2012, and Fall of 2012 and compared to the pre-removal data set
collected in Fall of 2006. For my analyses, I focused on the before dam removal data set
collected in the Fall of 2006 and the after dam removal data sets collected in the Fall of
2011 and 2012 from Twelve Mile Creek only. I made this decision in part because of the
differences in seasonal life history traits and abundances of certain macroinvertebrate
species in Spring and Summer as well as the suitable reference reach sampling site at
Robinson Bridge. In addition, there was a potentially confounding July 9, 2012 sewage
overflow and subsequent lime treatment adjacent to the Three and Twenty Creek
reference stream.
Channel geomorphology-substrate sampling
Reach-wide pebble counts (Wolman 1954) are a quantitative method of
characterizing stream bed particle size. Pebble counts were conducted at each replicate
sampling site to determine changes in the median average particle size (D50) of all
reaches sampled during this study.

The first particle touched was measured at the

intermediate axis (width) (Wolman 1954). This procedure was repeated fifty times for
each replicate sample. Substrate particle size was then classified using the Rosgen (1994)
classification of natural rivers (table 2). The D50 value represents the median size of the
bed material based on the pebble count procedure (Wolman 1954) where 50 % of bed
material is larger and 50% smaller than the median value. In addition, I measured depth
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(m) and velocity (m/sec) for each replicate at each site and for each site took readings of
conductivity, pH, temperature, and dissolved oxygen.

Substrate

Size Range (mm)

Clay

<0.0039

Silt

0.0039-0.0625

Sand

0.0625-2.0

Gravel

2.0-64.0

Cobble

64.0-256.0

Boulder

256.0-4096.0

Bedrock

>2048

Table 2. Substrate size classes adapted from Rosgen (1994)
Monumented cross-sections were established at each sampling reach and
surveyed in 2006 to measure channel cross sectional area. Additional surveys were
conducted following dam removal in 2011. Due to unstable bank conditions and
accessibility issues following dam removal, the channel surveys for the impounded site
above Woodside I and the impounded site above Woodside II were not conducted until
2013. All channel surveys were performed following the procedure for Cross-Section
survey as described in United States Forest service technical document authored by
Harrelson et al. (1994). A standard measuring tape and surveyor’s level were used to
measure the elevation at every distinctive change in slope from endpoint to endpoint.
Changes in Twelve Mile Creek channel morphology were analyzed using Rivermorph 3.0
Stream Restoration Software.
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Macroinvertebrate sampling and identification
Procedures for macroinvertebrate sample collection were adapted from the timedqualitative, multiple habitat sampling protocol (MHSP) as described in the South
Carolina Department of Environmental Control technical report 004-98 (2000). MHSP is
commonly used in many stream monitoring studies (Barbour et al. 1997, Rabeni et al.
2005) and supports the collection of macroinvertebrate taxa from a variety of habitats
(Merritt et al. 2008) while reducing the potential for habitat sampling bias resulting from
the collection instrument.
Each sampling site consisted of three replicates (a, b, c) collected in the same
manner. Macroinvertebrates were collected by disturbing the substrate in riffle areas for
10 minutes using hand sampling and D-frame kick nets with 500 micron mesh. Riffles
are typically composed of gravel and cobble (2.0-256.0mm) and have higher flow
velocities and shallower depths than pools. Sampling riffle areas minimizes variation in
community composition related to substrate preferences (Pollard and Reed 2004).
Field collected macroinvertebrate samples were placed in gallon sized plastic bags
and transported on ice to the lab where they were preserved with 85% ethyl alcohol
(ETOH) then refrigerated until they were processed. Each sample was then separated
from organic matter using a series of sieves up to 30 micron mesh and then picked by
hand and placed in vials of 90% ETOH. All organisms collected were identified to the
family, genus or species level using a Meiji Techno dissecting scope and an Olympus
BH-2 compound microscope and regionally appropriate dichotomous keys. Identified
macroinvertebrate samples were archived as a reference collection for Twelve Mile
Creek and Three and Twenty Creek in the Clemson University Water Resources Lab. To
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determine changes in macroinvertebrate assemblage resulting from dam removal I
analyzed changes in the abundance and distribution of macroinvertebrate genera,
comparing pre-dam removal data from Fall 2006 with post-dam removal data collected
Fall 2011 and Fall 2012. I calculated metrics of local (alpha) diversity (evenness and
abundance) and community composition using the variables of

total number of

individuals collected at each site (TN), taxa richness(TR), EPT richness (EPTR) and
Simpson’s diversity (1/D) (Magurran 2004). I assessed functional feeding group (FFG)
percentages by utilizing designations from Merritt et al. (2008) based on coarse or fine
particle size, location of food source (e.g. suspended in water column, deposited in
sediment, attached to surface, leaf packs) and live prey for a predator. Genera were
classified as shredder (SH), filterer-collector (FC), gatherer-collector (GC), scraper (SC)
or predator (PR). Functional feeding group abundances are dependent on the quality and
quantity of organic matter in the river system and are also influenced by substrate size
and distribution (Merritt et al. 2008). I assessed biological condition by calculating the
biotic index BI=∑ xi (ti xi)/N using regionally appropriate tolerance values (TV, TVD)
(Hilsenhoff 1982, Lenat 1993, SC SOP). A biotic index provides a single tolerance value
which is the average of the tolerance values of all species (BI=∑ xi (ti xi)/N = # of
organisms in i taxon, ti=tolerance value of i taxon, and N is total organisms in a sample).
Tolerance values were also calculated using the method recommended by the
South Carolina Department of Health and Environmental Control (SCDHEC). This
calculation does not include all specimens collected in a sample but rather a maximum of
10 specimens per taxon. This is done to ensure that the BI for a site will not be biased
because some taxa are more successfully collected than others. Taxa collected from
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freshwater streams are designated as Rare (1-2 individuals), Common (3-9 individuals) or
Abundant (>10 individuals) and are assigned a 1, 3, and 10, respectively.

Statistical analyses
I compared the results of D50, depth (m) and velocity (m/sec) and all the
biological metrics before and after dam removal using a two-way analysis of variance
(ANOVA) to test for significant differences. In the two-way ANOVA, two main factors
(site and time) represent separate sources of variance. Potential impacts of dam removal
were indicated by a significant interaction of the two factors (site x year) following dam
removal (Orr et al. 2008). Simpson (1/D) and other common diversity measures are
approximately normally distributed and meet the necessary assumptions for making
comparisons of species assemblages using ANOVA (Magurran, 2004) to test for
significant differences. Differences between years and between sites were considered
significant if P< 0.05. If the F- value for a variable was significant, a post-hoc analysis
was conducted to compute pairwise comparisons using Fisher’s least significant
difference (LSmeans) procedure to determine which means differed. I used SAS 9.3
(SAS Institute, Cary, NC 2011) statistical software for all ANOVAs and LSmeans
analyses and the diversity indices of evenness and Simpson (1/D) were calculated using
PC-ORD (v. 5, McCune and Mefford 2011).
To visualize changes in site similarity of the macroinvertebrate community
assemblage over time, I used Non-metric multidimensional scaling (NMS) based on
Sorensen (Bray-Curtis) distances of species data. This non-parametric ordination
technique allows for visual differences between sites to be interpreted easily. In the plots
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produced by NMS, points that are close together are more similar and points further apart
represent actual differences in the macroinvertebrate community composition at those
sites. Procedures were performed using PC-ORD In PC-ORD I ran the NMS function in
“slow and thorough” mode with 250 runs of real data, 250 runs with randomized data
which resulted in 93 iterations for the 3-dimensional final solution. To look for a
correlation between habitat variables (D50, depth, and velocity) and community
composition I compared Bray-Curtis distance matrices for each.

RESULTS

Physical
Physical variables D50 and velocity (m/sec) differed between sites but only depth
(m) and velocity (m/sec) differed by year (table 3).
Metric
D-50(mm)
Depth(m)
Velocity(m/sec)

Site
F=8.56
F=1.90
F=4.41

Year

p=.0001
p=0.1189
p=0.0031

F=2.43
F=95.74
F=28.53

p=0.1022
p<.0001
p<.0001

Site X Year
F=5.28
F=2.48
F=2.82

p<.0001
p=0.0225
p=0.0108

Table 3. Results of two-way ANOVA for physical metrics for factors of site, year, and
site x year interaction; Years tested were pre-removal 2006 and post-removal 2011 and
2012. Significant results (p<0.05) are in bold and italicized.
Median substrate particle size (D50) was very low (0.0625-2.0mm) in the
impounded areas in 2006 but increased above and below Woodside I in both years
following dam removal and in 2011 above and below Woodside II (figure 2). D50
decreased at Woodside II in 2012 and showed decreases for both years post-removal at
the MB site (figure 2).
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Figure 2. Plot of LS means of median substrate particle size(D50) for the site x year
interaction. Lines are color coded by year: Blue= 2006, Red= 2011, Green= 2012.
Depth (m) at all sites continued to increase following dam removal (figure 3).

Figure 3. Plot of LS means of river depth (m) for the site x year interaction. Lines
are color coded by year: Blue= 2006, Red= 2011, Green= 2012.
Velocity (m/sec) decreased in 2011 but increased in 2012 with both data sets
showing more uniformity among sites following dam removal (figure 4). Water quality
measurement data is summarized in appendix A-1.
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Figure 4. Plot of LS means of river velocity (m/sec) for the site x year interaction. Lines
are color coded by year: Blue= 2006, Red= 2011, Green= 2012.
The overall trend for cross sectional area (ft2) was to increase after dam removal
(figure 5-8). Above dam cross sectional area plots and substrate particle size (mm)
distribution graphs (figure 5, 6) show an increase in channel depth and heterogeneity of
substrate

particle

sizes

following

dam

removal

in

2011.

Figure 5. Plotted channel survey and particle size distribution for sampling periods Fall
2006 and Fall 2011 at impounded CU sampling site-replicate above Woodside I
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Figure 6. Plotted channel survey and particle size distribution for sampling periods Fall
2006 and Fall 2011 at impounded LBU sampling site-replicate above Woodside II
Below dam cross sectional area plots (figure 7, 8) did not show increasing depths
in 2011, however the substrate particle size distribution graph for the sampling site below
Woodside I (figure 7) did show a greater distribution of smaller substrate particles
(sand=0.0625-2.0 mm).
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Figure 7. Plotted channel survey and particle size distribution for sampling periods Fall
2006 and Fall 2011 at free flowing CL sampling site-replicate below Woodside I
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Figure 8. Plotted channel survey and particle size distribution for sampling periods Fall
2006 and Fall 2011 at free flowing LBL sampling site-replicate below Woodside II
Biological
At eight sampling sites (table 1) over three sampling periods, a total of 19,486
individual macroinvertebrate from 589 taxa were identified, mostly to species level.
Prior to dam removal (2006) there were significantly (table 4) more individuals collected
and higher taxa and EPT richness at the free flowing reaches than at the impounded
reaches (figure 9, 10, 11). In both years following dam removal the total number of
individuals collected, taxa richness, and EPT richness all increased significantly (table 4)
at the impounded reaches above Woodside I and Woodside II and decreased significantly
(table 4) at the free flowing reaches below Woodside I and Woodside II with the CL,
LBL, and MB sites showing the largest decreases (figure 9, 10, 11).
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Metric	
  
Richness	
  	
  
	
  	
   Total	
  Number	
  of	
  Taxa	
  
	
  	
   Taxa	
  Richness	
  
Composition	
  
	
  	
   %EPT	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  
	
  
F=10.75	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Year	
  

	
  
	
  
	
  
p<.0001	
  
F=17.01	
  
	
   p<.0001	
  

F=	
  31.68	
  	
   p<.0001	
   F=	
  8.75	
  	
   p=.0008	
  
	
  
	
  
	
  
F=36.78	
  
	
   p<.0001	
  
F=4.13	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  X	
  Year	
  
	
  
F=5.13	
  
	
  
F=	
  
10.42	
  	
  

	
  	
  
p=0.0001	
  

p=<.0001	
  
	
  	
  
	
  
	
  
p=0.0242	
  
F=13.33	
  
	
   p<.0001	
  

Table 4 Results of two-way ANOVA for biological measures of richness (TN,TR) and
composition (EPTR) for factors of site, year, and site x year interaction; Years tested
were pre-removal 2006 and post-removal 2011 and 2012. Significant results (p<0.05) are
in bold and italicized.

Figure 9. Plot of LS means of the total number of individuals (TN) for the site x year
interaction. Lines are color coded by year: Blue= 2006, Red= 2011, Green= 2012.
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Figure 10. Plot of LS means of taxa richness (TR) for the site x year interaction. Lines
are color coded by year: Blue= 2006, Red= 2011, Green= 2012.

Figure 11. Plot of LS means of ephemeroptera, plecoptera, and trichoptera richness
(EPTR) for the site x year interaction. Lines are color coded by year: Blue= 2006, Red=
2011, Green= 2012.
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All significant biological variables (P<0.05) differed between impounded and free
flowing sites and all but Simpson diversity (1/D) differed by year (table 5). There was no
significance in the measure of evenness.
Metric	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Year	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  X	
  Year	
  

Diversity	
  
	
  	
   Simpson	
  
	
  	
   Eveness	
  

	
  F=6.78	
   	
  p=0.0002	
  
F=1.43	
  	
   p=0.2379	
  

	
  F=0.36	
  	
   	
  p=0.7007	
  
F=1.18	
  	
   p=0.3180	
  

	
  	
  
	
  F=4.29	
  	
   p=0.0006	
  
F=2.25	
  	
   p=0.0363	
  

Table 5 Results of two-way ANOVA for biological measures of diversity
(Simpson,eveness) for factors of site, year, and site x year interaction; Years tested were
pre-removal 2006 and post-removal 2011 and 2012. Significant results (p<0.05) are in
bold and italicized.
Overall the Simpson diversity (1/D) measure was significant and increased above
and below Woodside I, above Woodside II but decreased in the free flowing reaches
below both dams (table 5, figure 12).

Figure 12. Plot of LS means of Simpson’s diversity measure (1/D) for the site x year
interaction. Lines are color coded by year: Blue= 2006, Red= 2011, Green= 2012.
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All significant variables (P<0.05) except % filterer-collector (FC), demonstrated
site x year interactions (table 6). Scrapers and Shredders showed no significant
differences for site, year, or site x year interaction (table 6).
Metric	
  
Functional	
  Feeding	
  Groups	
  
	
  	
   %	
  Gatherer/collector	
  
	
  	
   %Filterer/collector	
  
	
  	
   %	
  Scraper	
  
	
  	
   %Predator	
  
	
  	
   %Shredder	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  
F=2.67	
  
F=3.29	
  	
  
F=0.57	
  	
  
F=4.58	
  	
  
F=2.07	
  

	
  p=0.0375	
  
p=0.0150	
  
p=0.7245	
  
p=0.0025	
  
p=0.0925	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Year	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  X	
  Year	
  

	
  F=12.09	
  
F=	
  3.89	
  	
  
F=8.31	
  	
  
F=7.42	
  	
  
F=0.78	
  	
  

	
  F=4.24	
  	
  
F=1.30	
  	
  
F=0.94	
  	
  
F=9.47	
  	
  
F=1.08	
  	
  

	
  p<.0001	
  
p=0.0296	
  
p=0.0011	
  
p=0.0020	
  
p=0.4659	
  

	
  	
  
p=0.0006	
  
p=0.2662	
  
p=0.5109	
  
p<.0001	
  
p=0.4035	
  

Table 6. Results of two-way ANOVA for biological measures of functional feeding groups (GC,
FC, SC, PR, SH) for factors of site, year and site x year interaction; Years tested were preremoval 2006 and post-removal 2011 and 2012. Significant results (p<0.05) are in bold and
italicized.

Prior to dam removal the gatherer- collector (GC) feeding group was dominant
above Woodside I dam but shifted to a higher percentage at the site above Woodside II
following dam removal in 2011 and reached their highest percentages in 2012 in the free
flowing sites furthest downstream from both dams ( LBL and MB) (figure 13). Gatherercollector feeding group percentages decreased slightly above and below Woodside I in
2011 but both Woodside I sites had increased percentages of gatherer- collectors in 2012
as did the site above Woodside II and the free flowing site below all at Maw Bridge
(figure 13). Below Woodside II continued to show decreased percentages of the gatherercollector feeding group for both years post dam removal (figure 13).
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Figure 13. Plot of LS means of % gatherer-collector (GC) functional feeding group for
the site x year interaction. Lines are color coded by year: Blue= 2006, Red= 2011,
Green= 2012.
Alternately, the filterer- collector group percentages increased initially above and
below Woodside I and above Woodside II but had lower percentages at all other sites in
2011 and 2012 (figure 14).

Figure 14. Plot of LS means of % filterer-collector (FC) functional feeding group for the
site x year interaction. Lines are color coded by year: Blue= 2006, Red= 2011, Green=
2012.
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Predator feeding group percentages initially increased above and below
Woodside I and above Woodside II but decreased at the lower free flowing sites LBL and
MB(figure15).

Figure 15. Plot of LS means of % predator (PR) functional feeding group for the site x
year interaction. Lines are color coded by year: Blue= 2006, Red= 2011, Green= 2012.
No significant differences were found, by site, year or site x year interaction, in
either tolerance measure (table 7).
Metric	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Year	
  

Tolerances	
  
	
  	
   Tolerance	
  Value	
  
	
  	
   SCDHEC	
  Tolerance	
  

	
  
	
  p=0.8153	
   F=5.10	
  
	
  
	
  
F=0.44	
  
p=0.0112	
  
F=0.56	
  	
   p=0.7272	
   F=3.67	
  	
   p=0.0355	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Site	
  X	
  Year	
  
	
  	
  
	
  
F=1.61	
  
	
   p=0.1443	
  
F=1.29	
  	
   p=0.2718	
  

Table 7. Results of two-way ANOVA for biological measures of tolerance (TV,TVD) for
factors of site, year, and site x year interaction; Years tested were pre-removal 2006 and
post-removal 2011 and 2012. Significant results (p<0.05) are in bold and italicized.
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Non-metric

multidimensional

scaling

analysis

of

the

macroinvertebrate

community assemblage showed that in 2006 the species assemblage for uppermost study
site (RB) was more similar to the free flowing reaches below each dam and the bottom
most site assemblage (MB) was more similar to the impounded reaches above each dam
(figure16). Following dam removal there was a shift toward more sediment tolerant
species represented by species from the Chironomidae family and a higher assemblage of
species functionally classified as gatherer -collectors. This trend is correlated with the
Pearson(r) parametric analysis showing a decrease in D50 and average depth along all
three axes.

Figure 16. Non-metric multidimensional scaling of macroinvertebrate species by site.
CU and LBU are above dam sites. CL and LBL are below dam sites. MB is the below all
site and RB is the above all site. Of the 3-dimensional results, these axes demonstrated
the most parsimonious visual interpretation. Blue circles represent pre-dam removal
sampling site assemblages in 2006, red circles represent post-removal site assemblages in
2011 and green circles represent post-removal site assemblages in 2012.
Macroinvertebrate species that ranked highest and lowest on each axis are listed by
common name along with the functional feeding group designation for the species.
Habitat variables (D50, avg.depth, avg.velocity) are also listed on each axis.
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DISCUSSION
The two century old dams (WSI and WSII) on Twelve Mile Creek created
impounded reaches with reduced current velocities, greater depth and deposits of loose
sediment in each above dam study area. Below dam study areas showed physical and
ecological conditions relative to free-flowing rivers. Changes in channel form, substrate
composition and the macroinvertebrate community assemblage were observed following
dam removal in 2011 and 2012. As a result of the restored flow following dam removal,
substrate heterogeneity and size, and velocity (m/sec) all increased over time at sites
above each dam (CU, LBU) (figure 5,6). Dam removal caused the stream bed to drop in
elevation >30 feet at WSI and >20feet at WSII (figure 5,6). The observed increases in
particle size at both the former impounded areas and the free flowing reaches below dams
are consistent with observations from prior dam removal studies (Kanehl et al., 2011,
Maloney et al., 2008). Maloney et al. (2008) postulated that the observed increases in
substrate particle size below the former impoundments following dam removal resulted
from cobble removed by scour being deposited in the sites immediately below. However
the sharp decrease in D50 at the most downstream site (figure 2) indicate that impacts of
dam removal are attributed to a short term alteration of habitat through increased
sedimentation, a pattern that also is supported by previous studies (Bushaw-Newton et
al.,2002, Stanley, 2003, and Orr et al., 2008). A study by Stanley et al. (2002) reported
that sediments released following a dam removal were transported by high flow rates
downstream beyond their study sites and therefore were not detected at those sites. In the
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week prior to the November 22,2011 sampling date, an increase in discharge(cfs) was
recorded by the USGS gauging station following a major rain event (>2in) where the
river rose by more than 2ft. This might explain why the greatest impacts of sediment
were observed at the two most downstream sites (LBL, MB) and not as detectable further
upstream.
Prior to dam removal, the impounded reaches above each dam had low levels of
species abundance and diversity indicative of the impacts of dams on the
macroinvertebrate assemblage (Poff and Hart, 2002). Following dam removal, analysis of
the macroinvertebrate community assemblage resulted in detectable differences in habitat
condition at most sites based on observed increases or decreases in the biological
response variables (TN, TR, EPTR, Simpson,GC,FC,PR)(figure 9-15) and changes in the
substrate particle size and distribution (D50 mm), depth(m), and velocity(m/sec)(figure 24). No change in the variables of evenness, tolerance (TV, TVD), and the functional
feeding group percentages for scrapers and shredders was detected (table 6). This might
suggest that tolerance measures derived from a BI may in fact be better suited for studies
assessing organic matter rather than the impacts of inorganic sediment. The evenness
metric may not be appropriate for measuring changes in the macroinvertebrate
community following dam removal since natural communities are highly uneven anyway
and this measure is entirely relative. I expected the scraper and shredder functional
feeding groups (table 6) to show a significant difference in the site x year interaction
based on their requirement of a stable surface for attachment and feeding. Observed
increases in feeding groups represented by gather-collectors (figure 13) supports a
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community shift toward species tolerant of less consolidated and mobile substrates such
as sandy and fine sediments (Merritt et al. 2008).
Following dam removal in 2011, richness declined at the free flowing sites below
dams and increased at the formerly impounded sites above both dams (figure 10). At the
most downstream study site both taxa richness and EPT richness sharply decreased,
representing the greatest loss of richness and sensitive species following dam removal
(figure 10, 11). In addition, the majority of sites showed a decrease in the abundance of
total individuals following dam removal with the exception of a slight increase at both
former impoundments (figure 9). This is most likely a result of the change from lentic
back to lotic conditions at those sites following release from impoundment. Unlike the
decrease in diversity demonstrated in the free flowing reach below Woodside II following
dam removal, diversity increased in free flowing reach below Woodside I as connectivity
between upstream and downstream sites was re-established (figure 12). This is likely due
to drift and colonization from the undisturbed reaches upstream of the Woodside I
sampling sites (CU and CL). Loss of diversity was greatest at the lower reaches below
both dams (LBB and MB) in 2011 immediately following the dam removal but showed
signs of recovery already beginning by 2012 two years post-removal (figure 12).
Increased sediment coupled with drought conditions resulted in these downstream sites
being heavily impacted with sediment. These observed patterns in the macroinvertebrate
response are in agreement with findings from several other small dam removal studies
that demonstrated an impact of sediment on the biota (Bushaw-Newton et al 2002,
Maloney et al. 2008, Orr et al. 2008). The immediate response to dam removal by
macroinvertebrates in 2011 likely resulted from both the restoration of flow to former
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impoundments and the subsequent release of sediments impacting the free flowing
reaches below each dam removal site.
Dams were removed only six months apart and it is interesting to note that the
sampling sites for Woodside I dam responded differently than the sampling sites for
Woodside II following removal. This may have more to do with the differences in
gradient at these sites than the timing of dam removal although impacts on the
macroinvertebrate community are potentially greater downstream of Woodside II in part
because the September removal coincided with the seasonally higher abundance of
collected macroinvertebrates.

The Woodside I removal appears to have been less

impactful at the free flowing site below (CL) than Woodside II was on the free flowing
site below (LBL). Woodside I dam removal activity occurred over a longer period of time
from August 2009 through April 2011 and was conducted in stages whereas the
Woodside II dam removal period was considerably shorter (April 2011-September 2011).
In addition, the below Woodside II sites received the sediment load released downstream
from both Woodside I and Woodside II. The results demonstrate trends of lower diversity
and increased sedimentation that negatively impacted those s reaches that fall below both
dam removal sites (LBL, MB).
Increased sediment being deposited in the most downstream sites (LBL and MB)
corresponds to the decreases observed in substrate particle size and community diversity,
composition, and function of the macroinvertebrate assemblage. It is difficult to infer that
all the changes in the response variables were a direct result of sedimentation from dam
removal and dam removal activities. However taken all together, the results demonstrate
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changes in the physical and biological character of the river consistent with impacts of
increased sedimentation following multiple dam removals (Stanley and Doyle 2003).
Multiple biotic and abiotic factors such as seasonally influenced life-history traits
of macroinvertebrate species and inter-annual variation at both the sampling site and
watershed scale have influences on the characteristics of the macroinvertebrate
assemblage that make a direct cause and effect relationship difficult to determine
(Rosenberg and Resh 1984). Even so, assessment of the distribution and diversity of
intolerant species of benthic macroinvertebrates, in association with substrate analysis
and channel morphology, help to evaluate the impacts of dam removal on riparian
systems and adds to our understanding of the ecological response to anthropogenic
disturbance. Rapid recovery can occur in streams with sufficient flow, gradient, aerial
adult populations and drift from upstream macroinvertebrate species (Waters 1995). Best
management practices can reduce the impacts of sediment from the surrounding
watershed. Effective restoration plans following a dam removal should include planting
riparian vegetation to stabilize sediment which helps to reduce impacts of sedimentation.
Additionally, sound management of a river resource not only considers long term goals of
a stream restoration but seeks to minimize the immediate impacts that dam removals have
upon the aquatic community.
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Appendix A

Table A-1: Summarized measurements of temperature (°C) (temp), dissolved oxygen
(ppm) (DO), acidity or basicity (pH), and conductivity (µS) (CON) taken each year at
each site.
.
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